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1. Introduction {#open201700118-sec-0001}
===============

In recent years, three‐dimensional (3D) metallic (Au and Ag) photonic crystals (PCs) have received extensive attention due to the special features of PCs (large surface area and ability to modulate light) and the plasmonic enhancement effect of noble metals. They have promising potential applications in many fields, such as plasmonic enhanced emission[1](#open201700118-bib-0001){ref-type="ref"} and surface‐enhanced Raman scattering (SERS).[2](#open201700118-bib-0002){ref-type="ref"} 3D metal--dielectric PC structures have many advantages. First, the distribution of metal nanoparticles is relatively uniform within the PC films, which is beneficial to obtain uniform and reproducible signals. Furthermore, the high density of electromagnetic modes at the band edge of the photonic bandgap may lead to a strong light--matter interaction. To date, most of the preparation strategies for 3D metallic PCs have focused on the deposition of noble metals on pre‐prepared inverse‐opal or opal PCs.[3](#open201700118-bib-0003){ref-type="ref"} Although the fabrication of noble‐metal‐decorated PC films by the self‐assembly of metal‐decorated dielectric spheres will guarantee the uniform dispersion of metals within the PCs, there are few reports on the fabrication of opal PCs by the self‐assembly of noble‐metal‐decorated dielectric spheres because these decorated spheres are difficult to self‐assemble due to their high density and low surface charge intensity.

A core--shell strategy is the commonly used method to fabricate metallic--dielectric composite nanoparticles. Many efforts have been devoted to core--shell composite spheres with a dielectric solid sphere (e.g., silica, polystyrene) surrounded by a Au or Ag metallic nanoshell owing to their wide applications in catalysis,[4](#open201700118-bib-0004){ref-type="ref"} optoelectronics, PCs,[5](#open201700118-bib-0005){ref-type="ref"} sensing,[6](#open201700118-bib-0006){ref-type="ref"} chemical separation and detection,[7](#open201700118-bib-0007){ref-type="ref"} plasmonics, and SERS.[8](#open201700118-bib-0008){ref-type="ref"} Various preparation methods have been developed, such as thermal evaporation, magnetron sputtering, ultrasound irradiation,[9](#open201700118-bib-0009){ref-type="ref"} electroless deposition,[10](#open201700118-bib-0010){ref-type="ref"} self‐assembly,[11](#open201700118-bib-0011){ref-type="ref"} solvent‐assisted deposition,[5a](#open201700118-bib-0005a){ref-type="ref"} and in situ reduction methods.[4a](#open201700118-bib-0004a){ref-type="ref"}, [12](#open201700118-bib-0012){ref-type="ref"} Of these methods, the in situ reduction method is simple to operate and can easily introduce surface‐modifying groups.

Herein, we developed a modified in situ reduction method to prepare poly(styrene‐co‐maleic anhydride)\@Ag (PSMA\@Ag) core--shell microspheres with high surface charge intensity. As illustrated in Scheme [1](#open201700118-fig-5001){ref-type="fig"}, monodisperse PSMA spheres prepared by emulsion polymerization were first modified with polyethyleneimine (PEI). Subsequently, Ag seeds were formed in situ and immobilized on the surface of the PEI‐modified colloidal PSMA spheres by addition of a solution of AgNO~3~. Then, ethylenediamine tetraacetic acid tetrasodium salt (Na~4~EDTA) was added to the dispersion to promote the growth of Ag seeds, increase the thickness of the Ag shell, and, importantly, to endow the particle with a surface charge (carboxyl and amine groups), which facilitated the self‐assembly of the core--shell structures. Finally, PSMA\@Ag PC films were prepared by assembly of the PSMA\@Ag core--shell microspheres. The SERS activity of the PSMA\@Ag PC films was then evaluated by detecting the signal from a Raman probe molecule, 4‐aminothiophenol (4‐ATP). The obtained substrates showed a remarkable SERS activity and Raman signal reproducibility.

![Schematic illustration of the preparation of PSMA\@Ag core--shell microspheres and their self‐assembly; PEI=polyethyleneimine.](OPEN-6-637-g005){#open201700118-fig-5001}

2. Results and Discussion {#open201700118-sec-0002}
=========================

The monodisperse PSMA spheres were prepared by using emulsion polymerization method as described in the Experimental Section. By controlling the amount of emulsifier, monodisperse PSMA spheres with diameters of 180, 210, and 240 nm were obtained. The SEM images in Figure S1 in the Supporting Information show that the PSMA spheres have highly uniform sizes and a smooth surface. In particular, they have a tendency to self‐assemble into ordered structures. To investigate the surface charges of the prepared PSMA spheres, the zeta potentials of the PSMA colloidal microspheres with different diameters were measured and are summarized in Table S1. The zeta potentials of these colloidal microspheres were about −43 to −46 mV, which indicated the existence of carboxyl groups on the surface of the PSMA spheres that, therefore, resulted in their good dispersity in water.

By using the obtained PSMA spheres as a core, PSMA\@Ag core--shell microspheres were prepared by an in situ reduction method. The fabrication procedure is shown schematically in Scheme [1](#open201700118-fig-5001){ref-type="fig"}. In the first step, monodisperse PSMA spheres were modified with PEI, which can complex with Ag^+^ and reduce Ag^+^ to Ag when heated. The zeta potentials of the PEI‐modified PSMA colloidal microspheres with different diameters were also measured and are summarized in Table S2. Compared with the PSMA microspheres, the zeta potentials of PSMA\@PEI colloidal microspheres changed from −43 to −46 mV to 11.5 to 15.1 mV. A solution of AgNO~3~ was then added to the PEI‐modified PSMA colloid and Ag seeds were formed in situ and immobilized on the surface of PSMA by heating. Finally, ethylenediamine tetraacetic acid tetrasodium salt (Na~4~EDTA) was added to the dispersion to promote the growth of Ag seeds, increase the thickness of the Ag shell, and provide the particle with enough surface charges.

During the core--shell microspheres formation process, the experimental parameters, such as the reaction temperature, the concentration of the solution of AgNO~3~, and the concentration of Na~4~EDTA solution were optimized for the improvement of Ag coverage. The optimum parameters were obtained through a series of experiments, and well‐dispersed and uniformly coated PSMA\@Ag core--shell microspheres with diameters of 190, 225, and 250 nm were successfully fabricated. The SEM images in Figure [1](#open201700118-fig-0001){ref-type="fig"} a--c clearly indicate that the resultant PSMA\@Ag core--shell microspheres were monodisperse, with Ag nanoparticles uniformly coated on their surfaces. Figure [1](#open201700118-fig-0001){ref-type="fig"} d shows the TEM image of a PSMA\@Ag core--shell microsphere (diameter 250 nm), and further confirms the formation of Ag nanoparticles on the surface of the PSMA spheres. The corresponding HR‐TEM image (Figure [1](#open201700118-fig-0001){ref-type="fig"} e) shows the crystalline quality and the size (≈10 nm) of the Ag nanoparticles. The observed lattice fringe spacing of 0.23 nm corresponds to the {1 1 1} lattice plane of cubic‐phase Ag (JCPDS 04‐0783). These results reveal that monodisperse PSMA\@Ag core--shell microspheres with Ag nanoparticles uniformly coated on the surfaces were prepared.

![SEM images of PSMA\@Ag core--shell microspheres with diameters of a) 190, b) 225, and c) 250 nm. d) TEM, e) HR‐TEM, and f) XRD patterns of the PSMA\@Ag core--shell microspheres.](OPEN-6-637-g001){#open201700118-fig-0001}

To investigate the surface properties of PSMA\@Ag core--shell microspheres, FTIR and zeta‐potential measurements were performed. The FTIR spectra of the PSMA microspheres with and without Ag are presented in Figure S2. Compared with the results for PSMA, the absorption peaks at about 1383 and 1700 cm^−1^ in the IR spectra of PSMA\@Ag microspheres should be ascribed to NH^+^,[13](#open201700118-bib-0013){ref-type="ref"} which means the PSMA\@Ag spheres have positive surface charges. In light of this, these PSMA\@Ag spheres exhibit high surface charge intensity with a zeta potential of 28.8 to 32.4 mV(as shown in Table S3), which is obviously higher than that of PSMA\@PEI. This high surface charge intensity is beneficial for the self‐assembly of these spheres into PCs with a long‐range ordered structure.

To acquire structural information, the samples were further characterized by using XRD, and the results are present in Figure [1](#open201700118-fig-0001){ref-type="fig"} f. The XRD patterns of the PSMA\@Ag core--shell microspheres revealed diffraction peaks centered at 38.1, 44.3, 64.4, and 77.5°, which were identified as diffraction peaks from the {1 1 1}, {2 0 0}, {2 2 0}, and {3 1 1} faces of metallic Ag, respectively.

Due to the high charge intensity on the surface of the PSMA\@Ag spheres, the as‐prepared PSMA\@Ag colloidal microspheres can self‐assemble into close‐packed PC structures through a simple vertical‐deposition process. PSMA\@Ag core--shell microspheres with diameters of 190, 225, and 250 nm were used to fabricate PC films. The SEM images of the surface and cross‐section of the PC films (Figure [2](#open201700118-fig-0002){ref-type="fig"} a--f) confirmed that the PSMA\@Ag microspheres can self‐assemble into an ordered PC structure.

![SEM images of a--c) the surface and d--f) cross‐sections of the PSMA\@Ag PCs films prepared from self‐assembled PSMA\@Ag microspheres with different diameters: a, d) 190, b, e) 225, and c, f) 250 nm. g--i) Reflection spectra of the PSMA\@Ag PCs films prepared from self‐assembled PSMA\@Ag microspheres with different diameters. Insets: Digital photographs of the films in (a)--(c).](OPEN-6-637-g002){#open201700118-fig-0002}

Next, the optical properties of the obtained PC films were investigated. The reflectance spectra (Figure [2](#open201700118-fig-0002){ref-type="fig"} g--i) of PC films fabricated from PSMA\@Ag spheres with different diameters were measured at normal incidence to detect the photonic bandgap (PBG). The PBG effects and Bragg diffraction arise from the periodicity of the PSMA\@Ag PC films, which give rise to the reflection peaks. The peak positions of PSMA\@Ag PC films with different diameters of PSMA\@Ag (190, 225, and 250 nm) were *λ*=467, 552, and 620 nm, respectively, and these films displayed the corresponding structure colors, as shown in the insets of Figure [2](#open201700118-fig-0002){ref-type="fig"} g--i.

Due to the existence of a PBG, the PCs can be used to modulate localized electric fields effectively, and it is expected that through a combination of the effects of plasma resonance and PBG, the Raman scattering signals can be enhanced more significantly. To evaluate the SERS effect of the PSMA\@Ag PC films, 4‐aminothiophenol (4‐ATP) with a concentration of 10^−6^ mol L^−1^ was selected as a Raman probe. The Raman spectra of the three prepared PC films (PBGs at *λ*=467, 552, and 620 nm) after absorption of 4‐ATP (10^−6^ mol L^−1^) are illustrated in Figure [3](#open201700118-fig-0003){ref-type="fig"}. It is obvious that the PSMA\@Ag PC films with a PBG of *λ*=552 nm showed the highest sensitivity. In the SERS measurement, the wavelength of laser is *λ*=532 nm, which is located at the edge of the PBG at *λ*=552 nm. This means that the higher density of electromagnetic modes (DOS) at the PBG band edge leads to a larger light--matter interaction and results in greater enhancement of Raman scattering.

![a) SERS spectra obtained for PC substrates prepared with PSMA\@Ag spheres with different PBGs; b) SERS spectra obtained for PC substrates prepared with PSMA\@Ag spheres with different Ag contents.](OPEN-6-637-g003){#open201700118-fig-0003}

The content of Ag nanoparticles on the PSMA microspheres is the main factor that affects the SERS activity. A series of 250 nm PSMA\@Ag PC films with different Ag‐loading contents were prepared by controlling the amount of AgNO~3~ in the preparation process. From a thermogravimetric analysis (TGA), the Ag‐loading contents of different PSMA\@Ag PC films were shown to be 11.2, 13.8, 16.7, and 19.5 %. These PC films were immersed in a solution of 4‐ATP (10^−6^ mol L^−1^) at room temperature and then dried in air, and their Raman measurement results are illustrated in Figure [3](#open201700118-fig-0003){ref-type="fig"} b. The results showed that as the Ag content increased, larger SERS intensities were obtained owing to a greater number of hot spots. In a control experiment, a PSMA\@Ag film with a disordered structure, a pure Ag film, and a PC film were used as substrates for SERS. As indicated in Figure S3, only the substrates prepared with an ordered PSMA\@Ag PC film possessed the strongest SERS enhancement effect.

To prove the excellent SERS ability of the PSMA\@Ag PC films further, SERS spectra were collected for 250 nm PSMA\@Ag PC films with different concentrations of 4‐ATP. As shown in Figure [4](#open201700118-fig-0004){ref-type="fig"} a, the Raman characteristic bands of 4‐ATP were still clearly detected even when the 4‐ATP concentration was reduced to 10^−8^ mol L^−1^. The low SERS detection limit of the PSMA\@Ag PC film substrate may be attributed to both the unique structures with a high density of hot spots and high surface area. In addition to the high sensitivity, Figure [4](#open201700118-fig-0004){ref-type="fig"} b shows the Raman spectra recorded at five random spots on the substrate, which demonstrated the good uniformity of the substrate because the relative standard deviation (RSD) of the band intensity of 4‐ATP is less than 15 %.

![SERS spectra for the PC substrates a) with different concentrations of 4‐ATP and b) at five random spots.](OPEN-6-637-g004){#open201700118-fig-0004}

In addition, the reproducibility of substrate was evaluated by measuring the same PSMA\@Ag film five times, and the results show the good reproducibility of the PC film (Figure S4). The stability of substrates was evaluated by measuring the change in the SERS effect for substrates stored for 1, 10, 20, 30, and 60 d. Before measurement, the substrates were immersed in a solution of 4‐ATP (10^−6^  [m]{.smallcaps}) for 12 h, then the Raman spectra was recorded under *λ*=532 nm laser excitation. As shown in Figure S5, after 30 d the SERS effect of the substrates decreased slightly and strong SERS signals were still observed. This suggests that the PSMA\@Ag PC films have good stability.

3. Conclusions {#open201700118-sec-0003}
==============

In summary, PSMA\@Ag core--shell microspheres with surface charges were prepared by an in situ reduction method with Na~4~EDTA as reducing agent. Monodisperse PSMA\@Ag core--shell microspheres with Ag nanoparticles uniformly coated on their surface were obtained. It should be highlight that the PSMA\@Ag core--shell microspheres exhibited high surface charge intensity, with a zeta potential of 28.8 to 32.4 mV. The PSMA\@Ag PC films were prepared by self‐assembly of the PSMA\@Ag core--shell microspheres by a vertical‐deposition method. The PSMA\@Ag PC film, as a SERS substrate, exhibited high SERS enhancement. The content of Ag nanoparticles and position of the PBG of the substrate are key factors that determine the SERS effect. A detection limit of 10^−8^  [m]{.smallcaps} was achieved for 4‐ATP. The relative deviation in the band intensity of five random spots on the substrate was less than 15 %, which demonstrated the good uniformity and reproducibility of the substrate.

Experimental Section {#open201700118-sec-0004}
====================

Materials {#open201700118-sec-0005}
---------

Styrene (St), maleic anhydride (MA), lauryl sodium sulfate (SDS), potassium persulfate, silver nitrate, ethylenediamine tetraacetic acid tetrasodium salt (Na~4~EDTA), ethyl alcohol, concentrated sulfuric acid, and 4‐ATP were purchased from Sinopharm Chemical Reagent Co. All chemicals were used without further purification except styrene, which was purified by distillation under reduced pressure.

Preparation of PSMA Microspheres {#open201700118-sec-0006}
--------------------------------

PSMA microspheres were prepared by the emulsifier‐free emulsion copolymerization of St and MA. SDS (0.024 g) was dissolved in deionized water (50 mL), then the reaction mixture was heated to 80 °C and purged with nitrogen for 20 min with constant stirring (300 r min^−1^) in a three‐necked round‐bottomed flask equipped with a condenser and an inlet for nitrogen. Then, styrene (5 g) was added just prior to initiation. Initiation was performed by using potassium persulfate (0.05 g). MA (0.8 g) was added after 1 h, then the reaction mixture was vigorously stirred at 80 °C for 4 h under a nitrogen atmosphere. The precipitants were collected by centrifugation and washed three times with distilled water.

Preparation of PSMA\@Ag Microspheres {#open201700118-sec-0007}
------------------------------------

PSMA\@Ag core--shell microspheres were prepared by using the in situ reduction method. Typically, the PSMA colloidal microspheres (3 mL) were dispersed in deionized water (12 mL) that contained PEI (0.5 g), then stirred for 2 h to ensure the adsorption of PEI on the surface of the PSMA spheres. Next, excess PEI was removed by centrifuging the mixture at 10 000 rpm for 25 min and then washing with water. A solution of AgNO~3~ (5 mL, 10 g L^−1^) was mixed with the dispersion of PEI‐modified PSMA colloids, then the mixture was heated to 80 °C and held at this temperature for 2 h. At this temperature, a solution of Na~4~EDTA (5 mL, 5 g L^−1^) was added dropwise with stirring. The obtained composite was collected by centrifugation and washed with deionized water.

Self‐Assembly of PSMA\@Ag Microspheres {#open201700118-sec-0008}
--------------------------------------

Microscope slides were cut into ≈1.0×1.0 cm pieces and soaked in concentrated sulfuric acid with ultrasonication for 30 min, then rinsed with deionized water. The slides were then used as substrates for the self‐assembly of PSMA\@Ag spheres. The PSMA\@Ag PC films were prepared by self‐assembly of PSMA\@Ag core--shell microspheres in a vertical‐deposition process. Each cleaned substrate was dipped vertically into a suspension of PSMA\@Ag in a vial. The suspensions were placed in a vacuum oven at 50 °C until the water had completely evaporated from the dispersion. The colloidal crystals were then allowed to dry naturally at RT for 12 h.

Characterization and Raman Spectroscopy Measurements {#open201700118-sec-0009}
----------------------------------------------------

The morphologies of PSMA spheres, PMSA\@Ag core--shell microspheres, and the PC films were characterized by using a Nova Nanosem 450 field‐emission scanning electron microscope and a Tecnai G220 S‐Twin microscope transmission electron microscope. Powder X‐ray diffraction (XRD) patterns were measured by using a Rigaku D/MAX‐2400 diffractometer with Cu~K*α*~ radiation. A zeta‐potential analyzer (Zetasizer 1000, Malvern, UK) was used to measure the zeta potential of the PSMA and PSMA\@Ag colloids. The reflection spectra of the films were measured by using a Hitachi U‐4100 spectrophotometer. The incidence and reflection angles were always kept the same during the measurements.

Raman microprobe measurements were performed by using a DRX laser confocal micro Raman spectrometer. The spectra measured on the samples were obtained by using an Ar^+^ laser (*λ*=514 nm) with 5 mW laser power as the excitation source. The spectra were collected with an average spot diameter of 1 μm. 4‐ATP was used as the reporter probe for the SERS measurements. The as‐prepared substrates were immersed in aqueous 4‐ATP of different concentrations for 12 h, then removed and dried in the dark for SERS detection.
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